Abstract. The existence of toe debris at the bottom of the bored pile will reduce the bearing capacity of the pile. This paper develops a novel equipment to measure the thickness of toe debris for bored piles. The equipment consists of a test rod, test hammer, velocimeter, transmission cable and data receiving and processing device. Based on the one-dimensional wave theory, the mechanism of the sudden change of the velocity time curve received at the top of the test rod is analyzed, which is caused by the change of the wave impedance at the interface between the test rod and the sediment, thus the feasibility of the equipment is verified in theory. Finally, numerical simulations of toe debris under various working conditions are carried out to verify the reliability of the equipment. The results show that the test curves are sensitive to the materials of test rod using proposed equipment when the thickness of toe debris is equal or greater than 50 cm, and the test values are all larger than actual values, which meet the requirement of relevant specifications. The test results are more accuracy when the thickness of toe debris is less than 50 cm. when the excited force is large, not only the sudden change is easy to be discriminated, but also the test accuracy can be assured. The remainder toe debris meet the requirement of relevant specifications after clearing pile hole according the proposed method. And the device is not affected by the properties of the sediment material, which indicates that the proposed equipment can perform well to test the thickness of toe debris.
Introduction
Bored piles, especially large-diameter piles are commonly employed to support high-rise building and bridge in China and internationally because of their ability to sustain large load. However, due to improper design and/or improper process, the presence of defects, such as voids, honeycombing, cracks, necking, soil/slurry inclusions, and so on, is inevitable [1] [2] [3] . Table 1 shows the sampling test of defective bored piles. [11] The attendance of defects can lead to unsatisfactory performance of pile foundations, or delays in construction [12] [13] [14] [15] . Laboratory experiment, numerical simulation and static load tests are employed by Sarhan [12] and O'Neill [14] to systematically study the size of defects(eg., holes, reinforcement corrosion) effecting on pile capacity, the results show that the pile capacity approximately decreases 10 % when the ratio of area of defects to the cross-sectional area of piles is 15 %. What is worse, the defects may not be detected through cross-hole sonic logging when the size of defects is relatively small, for example, smaller than 5 % cross-sectional area [16] . Thus, quality assurance measures such as integrity inspections or static loading inspections can play an important role to ensure the construction workmanship and quality after construction. This paper will focus the integrity inspection of bored piles.
Xu [17] proposes new measurement approach for deflection monitoring of large-scale bored piles using distributed fiber sensing technology, and its application is carried out using 6 bored piles in Hong Kong. Chun [18] presents a new method for evaluating the slime thickness using temperature compensated electrical resistivity, and laboratory experiment is employed to verify the proposed method. However, the proposed equipment is too complex to limit its application. Xiao [19] puts forward a new deficiency detection method for bored piles, which uses only one optical fiber cable both measurement and transmission. Ni [20] employs complex continuous wavelet transform to determine pile length and locations of defects on pile foundations by analyzing the time-frequency-phase angle diagram in different frequency band. However, the above researches have no contribution to the test of toe debris. Xu [21] presents an elevated raft technique for drilled bored piles, where loose sediments and excavation debris at the pile tip can be compressed by the applied load from the superstructure.
Toe debris is the common defection of bored piles. When the thickness of toe debris piles is large, the safety of pile foundation will be threatened [22, 23] . Therefore, it is necessary to develop a reliable and effective equipment to test the thickness of toe debris. This paper develops a novel equipment to measure the thickness of toe debris of bored piles. The equipment consists of a test rod, test hammer, velocimeter, transmission cable and data receiving and processing device. Based on the one-dimensional wave theory, the mechanism of the sudden change of the velocity time curve received at the top of the test rod is analyzed, which is caused by the change of the wave impedance at the interface between the test rod and the sediment, thus the feasibility of the equipment is verified in theory.
Design and operation of equipment
Based on low strain reflection wave technique, this paper proposes a novel equipment to measure the thickness of bored piles, which is shown as Fig. 1 . This equipment consists of test hammer, test rod, transmission cable and data receiving and processing device. The test rod is installed in toe debris which can meet the design depth of pile hole. The velocimeter is at the top of test rod, which connected to data receiving and processing device using transmission cable.
The operational approach of this equipment is:
(1) Test rod is inserted into pile hole before pile construction, and its depth should meet the requirement of design.
(2) The velocimeter is pasted on the location 2/3 radius away from the section center of the top of test rod, and it is connected by transmission cable to data receiving and processing device.
(3) Using test hammer to peen the section center of the top of test rod. A transient excitation force produces on the top of rod, thus the elastic wave develops within the test rod, elastic wave drives particle motion in rod, then observing the data receiving and processing device.
(4) The first integrate wave is selected from observing data to note the abrupt time point before reflected signal, then the thickness of toe debris can be computed using following equations:
where is the velocity of wave within test rod; is the elasticity modulus of test rod; is the density of test rod; is the interval distance between the top of test rod and the interface between toe debris and test rod; Δ is the time of wave mutation subtracting the time of peening; Δ is the thickness of toe debris; is the length of test rod.
Theoretical basis for equipment
This equipment employs low strain reflection wave measurement technique. This technique puts low-energy transient excitation force on the top of test rod, then the test rod can low amplitude vibrate within elastic range. Based on vibration and wave theory, the thickness of toe debris can be obtained through capturing the distance between the bottom of the toe debris and the top of test rod.
Low-strain reflected wave employs elastic wave (or stress wave) which disseminates along one-dimensional rod. For test rod, its length is farther larger than its diameter, which can be considered as one-dimensional rod. It will produce the elastic wave (or stress wave) when a transient excitation force is loaded on the top of test rod. A lot of wave energy will transmit along pile shaft because of the momentary contact and different wave impedance between test rod and toe debris. The change of wave impedance on rod-soil interface can cause the velocity time travel curve of the top of rod to develop outstanding surge mutation. Therefore, the elastic wave along pile shaft can be computed using one-dimensional wave equation [24] .
Basic assumptions
To verify the presented equipment, the following assumptions is used:
(1) The test rod and toe debris vibrate within elastic range; (2) The materials of test rod and toe debris are isotropic homogeneous; (3) The toe debris of bored piles symmetrical distributions; (4) Plane section assumption. Fig. 2 shows the diagrammatic sketch of rod unit displacement and cross section. As shown in Fig. 2 , a differential segment is obtained along the length direction of test rod. The length, area of section, density are Δ , and , respectively. Assuming that the displacement of differential segment is , and the elasticity modulus of test rod is . Based on the Newton second law, the following equation can be obtained:
Establishment of the equation
where = is the velocity of movement of the point in test rod; = is the accelerated speed of the point in test rod; and are the positive stress of the two end sections. Eq. (4) divided by Δ is the following equation:
when Δ → 0, limiting Eq. (5) is:
The strain of differential segment is = , and based on the Hooke's law, the stress can be written as: = . Bringing Eq. (6) in it, the following equation can be get:
Eq. (7) divided is the following equation:
The longitudinal wave velocity of test rod is = ⁄ , bringing in Eq. (8) is:
Eq. (9) is the wave equation based on one-dimensional wave theory, which is the basis of measuring the thickness of toe debris using low strain reflected wave method.
Solving the equation
Based on theory of travelling wave, D'Alembert solution of one-dimensional wave equation can be described as the overlying of two reversed travelling wave, of which general solution are written as:
where ( − ) is the forward propagation down-travelling wave along -axis; ( + ) is the negative propagation up-travelling wave along -axis. If ( , ) = ( ) + ( ), the following equations can be obtained based on vibration theory and separation of variables:
where is the angular frequency of longitudinal vibration for rod; and are the constants computed by boundary conditions; and are the constants computed by initial conditions. The constraints condition of test rod are one end free and another end fixation according to the test condition, which can be shown as = 0 and = 0, thus the following equations can be obtained:
Solving the Eq. (14) 
Reflection and transmission of wave
The low-strain reflection wave method is based on the one-dimensional wave theory, and the test rod is assumed to be a continuous and uniform elastic rod. The dynamic response of the longitudinal fluctuation of the elastic rod under the excitation force is studied.
Under excited force, the top of rod can generate a downwardly propagating stress wave in nature state. At the interface of the wave impedance difference (at the interface between the test rod and the sediment), part of the stress wave will reflect and propagate upward. Part of the stress wave will continue to pass down to the rod end, and a reflection will propagate upward at the rod end.
The velocimeter installed on the top of rod receives initial incident signal and all the reflected signals. The velocity time travel curves are captured by the data receiving and processing device. The displacement of the point in rod is caused by the fluctuation of down-going wave and up-going wave.
There is a compressive stress in the initial down-going wave generated by the excited force at the top of the rod. Under the action of the compressive stress , the particle in the pile body moves. The velocity of the particle depends on the intensity of the stress and the material characteristics:
where is the vibration velocity of point in test rod, of which direction needs to be considered. is the propagation velocity of longitudinal wave; is the strain of test rod.
Based on = , = and = ⁄ , = is obtained. If the wave impedance is defined as = , = will be captured. Considering the directions of wave, the incident wave and reflected wave are = and = − , respectively. In Fig. 3, and are the impedances up and down interface, respectively. Foot code , and are symbols for incident wave, reflected wave and transmission wave, respectively. The equilibrium equations can be obtained according to the continuity of interface: Based on Eq. (10), the down-going wave is:
Differentiating Eq. (18) is = − . Based on same process, the transmission wave is = − and the reflected wave is = . According to = and Eq. (16), the following equations is obtained:
Due to = + = , = = , = = , Eq.(19) can be rewritten as:
Based on Eq. (16), the following equations is obtained:
If = , Eq. (21) can be rewritten as:
In Eq. (29), is named by reflection coefficient of which range is [-1, 1]. Based on = and = − , the following equations is obtained:
Eq. (23) is the basis of low strain reflection wave test. Due to the impedance of the interface on test rod and toe debris changes, and the impedance of test rod is larger than the impedance of toe debris when to test the thickness of toe debris ( < ). The directions of reflected wave and transmission wave are opposite, which shows that the test velocity time travel curve is upward sudden change. The corresponding curves will presented in following part.
Numerical simulation analysis
The finite element software (ABAOUS) is used to verify the accuracy and reliability of the proposed test equipment.
Calculation method
Low strain reflection wave test for the thickness of toe debris is a dynamic problem in nature. ABAOUS can solve various problems according different dynamic characters. The solution methods are modal analysis method, immediate integration, and so on. This paper will use Explicit method of ABAQUS/Explicit which is immediate integration.
Explicit method can solve the problems without joint solution of equations and tangent stiffness matrix. So, the calculation cost of each incremental step is small, which is suitable for solving the high-speed dynamic load problem calculation [25] . Fig. 4 shows the calculation model. This model employs the half size of bored piles which is similar to engineering actual to advance the calculational efficiency. C3D8R calculation unit is used to verify the calculational convergence.
Calculation models and assumptions
The assumptions are: (1) Ignore the damping of rod shaft and toe debris; (2) the rod is linear elastic and small deformation; (3) uniform load on the top of test rod. Table 2 . The parameters of toe debris are shown in Table 3 [26] . To assure the accuracy of numerical simulation, thirteen different combinations of toe debris are analyzed according to Table 3 , which are shown in Table 4 . 
Analysis of results

Results of testing 100 cm thickness toe debris with different test rods
Four types of materials of test rod shown as Table 2 are used to simulate the 100cm thickness toe debris, as well as 1000 Pa excited force. The test results are shown in Fig. 5-8 . From Fig. 5-8 , the curves process clearly up-abrupt changes before the bottom of rod reflecting signals. The interface of test rod and toe debris is not only the location of abrupt change, but also the location of change for wave impedance. The time at which the three curves in Fig. 5 correspond to the sudden change in velocity are 0.010651 s, 0.010651 s and 0.010651 s respectively. Therefore, the test thicknesses of toe debris are 1.096 m, 1.096 m and 1.096 m, respectively. The time at which the three curves in Fig. 6 correspond to the sudden change in velocity are 0.007200 s, 0.007200 s and 0.007200 s respectively. respectively. Therefore, the test thicknesses of toe debris are 0.990 m, 0.990 m and 0.990 m, respectively. Accordingly, the test result is relatively sensitive to the materials of test rod. The maximum error is 0.318 m, and the calculation results are larger than the actual values, this means that the presented method can not only meet the specification requirements when to clear the toe debris [23] , but also guarantee the quality of new piles. In addition, when the thickness of toe debris is relatively large, the result is insensitive to the materials of test rod. 
Results of testing 50 cm thickness toe debris with different test rods
All the parameters and methods are same as 4.4.1, only the thickness of toe debris changed to 50 cm in this part. The test results are shown in Fig. 9-12. From Fig. 10-11 , the abrupt changes of curves are not clearly observed when the materials of test rod are carbon steel and cuprum. However, the abrupt changes of curves are clearly observed when the materials of test rod are concrete steel and aluminum from Fig. 9 and Fig. 12 . The time at which the three curves in Fig. 9 correspond to the sudden change in velocity are 0.010951 s, 0.010951 s and 0.010951 s respectively. And the test thicknesses of toe debris are 0.563 m, 0.563 m and 0.563 m, respectively. The time at which the three curves in Fig. 12 correspond to the sudden change in velocity are 0.007800 s, 0.007800 s and 0.007800 s respectively. And the test thicknesses of toe debris are 0.428 m, 0.428 m and 0.428 m, respectively. The maximum error is 0.082 m according to above calculation, which meet the requirement of specifications after cleaning [23] .
Results of testing 30 cm thickness toe debris with different test rods
All the parameters and methods are the same as 4.4.1, only the thickness of toe debris changed to 30 cm in this part. The test results are shown in Fig. 13-16 . The test curve shows the same trend as described in 4.4.2. Although, the abrupt changes of curves are difficult to observe when the materials of test rod are concrete from Fig. 13 , the locations of abrupt changes can be captured. The time at which the three curves in Fig. 13 correspond to the sudden change in velocity are 0.011100 s, 0.011100 s and 0.011100 s, respectively. The test thicknesses of toe debris are 0.299 m, 0.299 m and 0.299 m, respectively. The error is only 0.001 m, which shows that the calculation results are pretty accuracy.
From analysis, for the same excited force, the less thickness of toe debris is, the more accuracy results are obtained, which verify the validity of presented equipment. 
Results of different combinations of sediments detected by the same test rod
All the parameters and methods are the same as 4.4.1, only the toe debris combinations changed to X, XI, XII and XIII, which shown in Table 4 . This part focuses on verifying the Fig. 17 and Fig. 18 . From Fig. 17 and Fig. 18 , if the toe debris consists of two materials (shown in Fig. 17 ) or three materials (shown in Fig. 18 ), the test curves are the same as Fig. 9 . That is the velocity time travel curve processing sudden change on the interface between test rod and toe debris. In Fig. 17 , the times of sudden change are 0.010951 s and 0.010951 s and 0.010951 s based on Fig. 17 and 0.010945 s based on Fig. 18 , and the corresponding thicknesses of toe debris are 0.563 m, 0.563 m, 0.563 m and 0.575 m. The test error for different materials is 0.075 m, which is larger than the actual value. Therefore, it meets the requirement of specifications after cleaning [23] . 
Results of different excited force by the same test rod and thickness of toe debris
Using the same test method as 4.4.1. For toe debris, 100 cm thickness and three materials shown in Table 4 are selected to study velocity time travel curve when the top of test rod is loaded by 1000 Pa, 2000 Pa and 3000 Pa excited forces. Fig. 19-21 show the test results, which indicate that the curves are similar for different materials and excited forces. However, the wave impedance is sensitive to excited forces. The times of sudden change points are all 0.01065 s in Fig. 19-21 , which is similar to Fig. 5 . The corresponding thickness of tor toe debris is 1.096 m. By comparison, it is found that when the excitation force is larger, the signal at the mutation is more obvious. Therefore, when testing the 50 cm or 30 cm thickness of toe debris, the excited force loaded on the top of test rod should be increased. And the location of sudden change can be determined in Fig. 10-11 , and Fig. 14-16 .
Conclusions
1)
In the device proposed in this paper, after the hole clearing operation is performed according to the measured result, the remaining maximum sediment amount is within the range of the engineering-related specification.
2) The results of testing the test rods with different materials for three different thicknesses of the sediment indicate that the material of the test rod will affect the test results under the same excitation force, and the thickness of the sediment is required for the test rod material. Higher, but the results show that the smaller the sediment thickness, the smaller the test error.
3) The measurement results of the sediment thickness of different thicknesses and different material combinations of three different materials indicate that the material properties of the sediment have little effect on the test results and can be neglected to some extent.
4) Different excitation forces on the test poles have no difference in accuracy for the same thickness of sediment measurement, but significantly affect the degree of change of the test curve. For sediments with smaller thickness, a larger excitation force should be used for detection.
5) The practical application of the device is the focus of the author's future research. The author's later work focus is to optimize the use of this device in order to facilitate the application of the construction site.
